The low-density lipoprotein (LDL) receptor-related protein (LRP) is a multifunctional endocytic receptor that is expressed abundantly in neurons of the CNS. Both LRP and several of its ligands, including tissue plasminogen activator (tPA), apolipoprotein E/lipoproteins, ␣ 2 -macroglobulin, and the ␤-amyloid precursor protein, have been implicated in various neuronal functions and in the pathogenesis of Alzheimer's disease. It has been reported that induction of tPA expression may contribute to activity-dependent synaptic plasticity in the hippocampus and cerebellum. In addition, long-term potentiation (LTP) is significantly decreased in mice lacking tPA. Here we demonstrate that tPA receptor LRP is abundantly expressed in hippocampal neurons and participates in hippocampal LTP. Perfusion of hippocampal slices with receptor-associated protein (RAP), an antagonist for ligand interactions with LRP, significantly reduced late-phase LTP (L-LTP). In addition, RAP also blocked the enhancing effect of synaptic potentiation by exogenous tPA in hippocampal slices prepared from tPA knock-out mice. Metabolic labeling and ligand binding analyses showed that both tPA and LRP are synthesized by hippocampal neurons and that LRP is the major cell surface receptor that binds tPA. Finally, we found that tPA binding to LRP in hippocampal neurons enhances the activity of cyclic AMP-dependent protein kinase, a key molecule that is known to be involved in L-LTP. Taken together, our results demonstrate that interactions between tPA and cell surface LRP are important for hippocampal L-LTP.
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The low-density lipoprotein (LDL) receptor-related protein (LRP) is a large multif unctional endocytic receptor that belongs to the LDL receptor gene family (Herz et al., 1988; Krieger and Herz, 1994; Bu, 1998) . It is highly expressed in neurons of the CNS and binds and endocytoses more than 10 structurally and functionally distinct ligands, including apolipoprotein E (apoE)/ lipoprotein, ␤-amyloid precursor protein (APP), and ␣ 2 -macroglobulin (␣ 2 M) (Krieger and Herz, 1994) . Recently, several lines of evidence have implicated LRP and LRP ligands in the pathogenesis of Alzheimer's disease (AD). A 39 kDa receptorassociated protein (RAP) f unctions as a molecular chaperone during the folding process of LRP and as a receptor antagonist to prevent premature ligand interaction with LRP during its trafficking within the secretory pathway (Bu and Schwartz, 1998) . Recombinant R AP has been used extensively as an antagonist in the study of LRP biology (Bu, 1998) .
One of the most significant clinical symptoms of AD is memory loss. Thus, understanding the physiological mechanism of ageand AD-related memory loss may potentially provide clues as to how this process can be intervened during aging and AD. Evidence from different studies demonstrates that the hippocampus and its related temporal lobe structures are important for explicit forms of memory (Squire and Zola-Morgan, 1991) . Long-term potentiation (LTP) is one of the best models for investigating cellular and molecular mechanisms for memory formation and storage (Nicoll and Malenka, 1995) . In the CA1 region of the hippocampus, LTP has two distinct phases: early-phase LTP (E-LTP) and late-phase LTP (L-LTP). One unique feature making L-LTP different from E-LTP is that it requires new protein synthesis, activity of cAMP-dependent protein kinase (PKA), and transcription (Frey et al., 1988 (Frey et al., , 1993 (Frey et al., , 1995 Huang and Kandel, 1994; Nguyen et al., 1994; Nguyen and Kandel, 1996; Qi et al., 1996) (for review, see Schuman, 1997) .
Tissue plasminogen activator (tPA) has been identified as one of the immediate early genes induced by neuronal activity including LTP (Qian et al., 1993) . Under normal physiological conditions, tPA is widely expressed in the CNS (Qian et al., 1993; Bu et al., 1994; Seeds et al., 1995; Ware et al., 1995; Hayden and Seeds, 1996) . However, the level of tPA is finely regulated by its inhibitor and cell surface receptor LRP (Bu et al., 1992a,b; Orth et al., 1992) , and its synthesis is increased by activators of the cAMP-PKA pathway (Baranes et al., 1998) . In the hippocampus, Qian et al. (1993) found that neuronal activity could induce the expression of mRNA of tPA in pyramidal neurons. More interestingly, L-LTP but not E-LTP is significantly decreased in mice lacking the gene encoding tPA (Carmeliet et al., 1994; Frey et al., 1996; Huang et al., 1996) . These findings indicate that tPA plays an important role in L-LTP in the hippocampus. However, whether interaction between tPA and its cellular receptor LRP participates in L-LTP is unknown. Here, we present several lines of evidence indicating that interaction between tPA and LRP is important for hippocampal L -LTP.
MATERIALS AND METHODS
Materials. Human recombinant tPA was kindly provided by Genentech (South San Francisco, CA). tPA was initially dissolved in arginine phosphate buffer and dialyzed against PBS before use (Bu et al., 1992a) . Recombinant rat R AP was produced as f usion protein with glutathione S-transferase (GST). The GST portion was cleaved off, and R AP was repurified via heparin-Sepharose column (Warshawsky et al., 1993) . Polyclonal anti-human LRP [cross-reacts with mouse LRP; see Holtzman et al. (1995) ], anti-rat R AP, and anti-human tPA [cross-reacts with mouse tPA; see Bu et al. (1992a) ] antibodies have been described previously (Bu et al., 1992a (Bu et al., ,b, 1993 (Bu et al., , 1994 Holtzman et al., 1995) .
Hippocampal slice preparation. For LTP recordings, transverse slices of hippocampus (400 m thick) were prepared from wild-type (C57BL /6J, 8-to 12-weeks-old; The Jackson Laboratory, Bar Harbor, M E) or tPA knock-out mice (C57BL /6J, 8 -12 weeks old; The Jackson Laboratory). The slices were maintained between 28°C and 30°C in a chamber where they were subf used with artificial C SF (AC SF) consisting of (in mM): 124 NaC l, 4.0 KC l, 2.0 C aC l 2 , 1.0 MgSO 4 , 1.0 Na 2 HPO 4 , 24.1 NaHC O 3 , 10 glucose, bubbled with 95% O 2 , 5% CO 2 . Slices were allowed to recover for at least 2 hr before experiments.
Electrophysiolog y. A bipolar tungsten stimulating electrode was placed to evoke postsynaptic responses. E xtracellular field potentials were recorded with a glass microelectrode (3-12 M⍀, filled with AC SF). In some experiments, a second stimulating electrode was placed to serve as an independent control response in the same slice. The postsynaptic EPSPs were evoked at 0.02 Hz with a bipolar tungsten electrode placed at the CA3 region. The intensity of stimulation was decreased to evoke ϳ1 mV EPSP. Paired-pulse facilitation was tested with different time intervals. The initial magnitude of the first EPSP was adjusted to 1.0 mV by changing the intensity of electrical stimulation. E-LTP was induced by one train tetanus consisting of one 100 Hz train for 1 sec at testing intensity (the intensity used for evoke baseline EPSP responses). Fourtrain tetanic stimulation, consisting of four 100 Hz trains for 1 sec at testing intensity with a 5 min interval between trains, was used to induce L -LTP. Field recordings of NMDA receptor-mediated EPSPs were performed in the presence of 10 M C NQX and 100 M Mg 2ϩ . Data are presented as a mean value Ϯ SEM or percentage changes from control. Statistical comparisons are made with the use of either two-way or one-way ANOVAs (Newman -Keuls test for post hoc comparison). Student's test was applied for comparisons between paired groups. In all cases, p Ͻ 0.05 is considered significant.
Ligand binding assay. Freshly prepared mouse hippocampal slices (see above) were used for binding analysis of 125 I-tPA (5 nM) in the absence or presence of unlabeled tPA (500 nM) or R AP (500 nM) (Bu et al., 1992a (Bu et al., , 1994 . After 2 hr incubation at 4°C, slices were washed three times with cold buffer, and radioactivity associated with each slice was determined. The slices were then lysed with PBS containing 1% Triton X-100 for 1 hr at 4°C, and the protein concentration was determined. Each experiment was performed in triplicate with SEM given as error bars.
Primar y hippocampal neuron cultures. Primary neurons from embryonic day 17-19 (E17-19) Swiss-Webster mouse embryos were prepared using the method described previously (Narita et al., 1997) . In brief, hippocampal neurons were mechanically dissociated after treatment with trypsin (0.5 mg /ml, 15 min, 37°C). C ells were then plated onto poly-Dlysine (100 mg /ml)-coated six-well plates at a density of ϳ200 neurons per millimeters squared and maintained in DM EM medium containing 5% horse serum, 5% fetal bovine serum, 2 mM glutamine, at 37°C in a humidified 5% C O 2 incubator and used 24 hr after plating.
Ligand endoc ytosis assay. Hippocampal neurons were prepared and plated in 24-well plates. Binding of 125 I-tPA (5 nM) in the absence or presence of unlabeled R AP (500 nM) was performed at 4°C for 2 hr as described previously (Bu et al., 1992a (Bu et al., , 1994 . After washing at 4°C, some plates were warmed up to 37°C for the indicated time before returning to 4°C. R AP (500 nM) was included in the warm-up media to prevent rebinding of dissociated ligand. C ell monolayers were then treated with 0.25% (w/ v) Pronase (C albiochem, La Jolla, CA) in PBS for 30 min at 4°C to remove the remaining cell surface-bound ligands (Bu et al., 1992a) . The solution that contained detached cells was then centrif uged at 4°C to pellet cells. Radioactivity associated with cell pellets represents internalized ligand, whereas radioactivity in the supernatant fraction represents surface-bound ligand.
Metabolic labeling and immunoprecipitation. Neurons were metabolically labeled with 200 mC i /ml [ 35 S]methionine for 4 hr (Bu et al., 1992a) . Both overlying media and cell lysates were then immunoprecipitated with either anti-tPA or anti-LRP antibody and analyzed via SDS-PAGE (7.5% acrylamide). Coimmunoprecipitation experiments of R AP and tPA were performed in the absence of detergent as described previously .
PK A assay. PK A activity was determined by using the PK A assay system from Life Technologies/ BRL (Gaithersburg, MD). Hippocampal neurons were incubated with serum-free media without or with tPA (50 nM), or with tPA (50 nM) and R AP (500 nM) for 20 min at 37°C. After washing two times with ice-cold PBS, cell monolayers were scraped and homogenized in extraction buffer containing 1 mM 3-isobutyl-1-methylxanthine and protease inhibitor cocktail (Complete, Boehringer Mannheim, Indianapolis, I N) (Goretzki and Mueller, 1998) . After removal of cell debris via centrif ugation, PK A activity was determined according to the manufacturer's instructions.
RESULTS
It has been reported that induction of tPA expression may contribute to activity-dependent synaptic plasticity in the hippocampus and cerebellum (Qian et al., 1993; Seeds et al., 1995) . In addition, L-LTP is significantly decreased in mice lacking tPA (Huang et al., 1996) . Although the mechanism of tPA's involvement in L-LTP is unknown, the importance of its interaction with cell surface receptors has been suspected. To test whether the interaction of tPA with its endocytic receptor LRP participates in L-LTP, we examined the potential effects of the LRP antagonist RAP on L-LTP. Hippocampal slices from mice were perfused with either buffer alone or buffer containing RAP, followed by induction of L-LTP. We found that application of RAP resulted in an inhibition of synaptic potentiation induced by a four-train tetanic stimulation (n ϭ 7) (Fig. 1 A) . The effect of RAP is dose-related, because perfusion with a lower concentration of RAP produced a smaller inhibition (n ϭ 5) (Fig. 1 B) . RAP itself did not significantly affect baseline EPSPs (n ϭ 5) or potentiate EPSPs applied at 10 min after the delivery of four-train stimulation (n ϭ 3). In some experiments, a second electrode was placed at the other side of the first electrode, and synaptic responses were tested before and 1 hr after the four-train stimulation. Synaptic responses at this second independent pathway were not significantly affected (n ϭ 3).
In contrast to L-LTP, potentiation induced by one-train stimulation was not significantly affected by RAP perfusion (n ϭ 5) (Fig. 1C) , indicating that LRP is not required for E-LTP. In addition, neither presynaptic fiber volley (Fig. 1 E) nor the pairedpulse facilitation was affected by RAP treatment (Fig. 1 D) . Finally, NMDA receptor-mediated responses were not significantly affected by RAP (Fig. 1 E, F ) , indicating that RAP did not produce its effect through inhibition of NMDA receptors. The small changes of the fiber volley of responses in the recordings shown are mostly likely attributable to population responses recorded, because in these experiments the NMDA receptor-mediated currents were not affected, and the stimulation intensities were not changed over the entire recording period.
The inhibition of L-LTP by RAP mimics the abnormalities found in hippocampal slices of tPA knock-out mice (Huang et al., 1996) , except that a complete disappearance of L-LTP in tPA knock-out mice requires 2 hr, whereas inhibition by RAP is seen within 40 min from the start of induction. Thus, although other ligands of LRP may also participate in L-LTP, we suspected that tPA was likely the major ligand whose interaction with LRP contributed to L-LTP. To directly assess whether interaction between tPA and LRP is important for L-LTP, we tested whether exogenous tPA can enhance synaptic potentiation in hippocampal slices of tPA knock-out mice and whether RAP could block this effect. Consistent with a previous report (Huang et al., 1996) , synaptic potentiation induced by multiple tetanic stimulation was significantly decreased in tPA knock-out mice (n ϭ 3). Application of tPA induced concentration-dependent potentiation. At a concentration of 10 nM, tPA produced a slight increase in potentiation, whereas at 50 nM, exogenous tPA induced significant potentiation (n ϭ 6) (Fig. 2) . To examine whether the enhancement by tPA is mediated via its receptor LRP, we tested the effect of RAP. As seen in Figure 2 , tPA-induced potentiation was completely blocked by pretreatment of slices with R AP (0.5 M) for 30 min (n ϭ 6). These results strongly suggest that tPA participates in L -LTP through its interaction with cell surface LRP. We also examined the potential effect of tPA on NMDA receptors. Application of tPA for an identical time period did not significantly affect NMDA receptor-mediated EPSC s (n ϭ 3) (data not shown).
To exclude the possibility that R AP interacts directly with tPA and interferes with tPA function, we examined whether the two proteins interact with one another. First, we incubated RAP and tPA under conditions similar to those used in the electrophysiological experiments and immunoprecipitated the mixture with normal rabbit IgG, anti-tPA IgG, or anti-RAP IgG. The immunoprecipitated materials were then Western-blotted with either anti-tPA IgG or anti-RAP IgG (Fig. 3A) . As seen in the figure, anti-tPA antibody did not coimmunoprecipitate RAP in a mixture of tPA and RAP. Similarly anti-RAP antibody did not coimmunoprecipitate tPA. In the second experiment, we examined the ability of RAP-Sepharose to bind 125 I-tPA. We have used this RAP-Sepharose previously to precipitate LRP and purify specific anti-RAP IgG . The result shows that RAP-Sepharose does not bind 125 I-tPA (Fig. 3B) . These results clearly show that RAP does not interact with tPA. Thus, the results we obtained with RAP perfusion in our electrophysiological experiments are consistent with RAP antagonizing tPA's interaction with LRP.
Both LRP and a mannose receptor have been shown to bind tPA (Otter et al., 1991; Bu et al., 1992b ). In addition, several studies have described various tPA binding receptors on the cell surface of both endothelial and neuronal cells (Pittman et al., 1989; Verrall and Seeds, 1989; Hajjar et al., 1994; Fukao and Matsuo, 1998) . However, only binding to LRP is inhibited by RAP . To determine which of these receptors plays a role in tPA binding to hippocampal neurons, we performed binding analysis of 125 I-tPA to hippocampal slices. The binding experiments were performed in the absence or presence of excess unlabeled tPA or RAP. As seen in Figure 4 A, RAP inhibited 125 I-tPA binding to hippocampal slices to the same extent as unlabeled tPA, suggesting that specific binding of tPA to hippocampal slices is mediated primarily via LRP.
To examine whether LRP serves as an tPA endocytic receptor in neuronal cells similar to its role in hepatoma cells, we analyzed the kinetics of LRP-mediated tPA binding and uptake with primary cultured hippocampal neurons. First, we performed a saturation binding analysis of 125 I-tPA on primary cultured neurons and found that there were ϳ52,000 tPA-binding sites/neuron (data not shown) (Bu et al., 1992a . We then examined the kinetics of 125 I-tPA uptake by hippocampal neurons. 125 I-tPA (5 nM) was first allowed to bind to neurons at 4°C in the absence or presence of excess RAP. Some plates were then warmed up to 37°C for either 5 or 10 min, followed by analysis of cell surface and intracellular ligand distribution (Bu et al., 1992a . As shown in Figure 4 B, nearly 80% of cell surface-bound tPA had been endocytosed after 5 min of 37°C incubation. These kinetics of tPA internalization by LRP in neurons are similar to what we observed with hepatoma cells (Bu et al., 1992a and suggest that LRP functions as an endocytic receptor for tPA in neurons.
To further examine the potential function of tPA and LRP, we analyzed the expression of tPA and LRP in hippocampal neurons. Primary cultured hippocampal neurons from E17 mouse embryos were metabolically labeled with [ 35 S]cysteine for 4 hr. Both cell lysates and overlying media were then immunoprecipitated with either anti-tPA antibody or anti-LRP antibody, followed by analysis via SDS-PAGE. As seen in Figure 5A , both tPA and LRP are detected in cell lysates, demonstrating that mouse hippocampal neurons synthesize both tPA and its receptor LRP. The immunoprecipitation condition (including 1% SDS) does not preserve any potential interaction between endogenous tPA and LRP, and thus potential interaction between these two proteins is not detected in this experiment. tPA is also detected in the overlying media, suggesting that tPA is actively secreted by these neurons and could potentially f unction extracellularly. We also detected complexes of tPA with its physiological inhibitor plasminogen activator inhibitor type-1 (PAI-1), which can either be produced by hippocampal neurons or be present as residual protein from serum used to culture neuronal cells. The abundant expression of LRP seen in these experiments is consistent with our previous studies on the distribution of LRP in the hippocampus, which showed strong immunoreactivity of LRP in hippocampal neurons and their processes .
Several studies have shown that cAM P and PK A play important roles in L -LTP (Qi et al., 1996; Abel et al., 1997) . A recent study by Goretzki and Mueller (1998) has shown that binding of LRP with its ligand lactoferrin or uPA/PAI-1 complex in a human melanoma cell line caused a significant elevation of cAMP and PKA activity. In addition, tPA was found to induce endothelial cell proliferation by activating PK A (Welling et al., 1996) . Thus, we examined whether tPA binding to LRP in hippocampal neurons also activates the cAM P/ PK A pathway. As shown in Figure  5B , PK A activity was significantly increased when hippocampal neurons were incubated with exogenous tPA (50 nM). In addition, the activation of PK A activity by tPA was attenuated in the presence of excess R AP. These results suggest that the cAMP/ PKA pathway is at least one of the intracellular events activated by tPA-LRP interactions.
DISCUSSION
In the current study, we present evidence showing that interaction of tPA with its cell surface receptor LRP appears to play an important role in hippocampal L-LTP. Perfusion of hippocampal slices with LRP antagonist RAP significantly and rapidly abolished hippocampal L-LTP. In addition, RAP also abolished the enhancing effects of exogenous tPA on synaptic transmission in hippocampal slices of tPA knock-out mice. We also present evidence that LRP is abundantly expressed in hippocampal neurons and is the major tPA receptor present on the cell surface. Finally, we demonstrated that tPA binding to LRP in hippocampal neurons increases PKA activity, an intracellular signaling pathway that is known to be involved in L-LTP.
tPA is a serine protease that catalyzes the conversion of plasminogen to plasmin and degrades certain components of extracellular matrix (Lijnen and Collen, 1991) . tPA activity is regulated via both inactivation by its inhibitor PAI-1 and cellular clearance by cell surface LRP. A recent study has suggested that tPA inhibitors can block the function of tPA in L-LTP (Baranes et al., 1998) . However, our current studies demonstrated that A, RAP (1 g) and tPA (1 g) were incubated in AC SF for 1 hr at 30°C. The incubation mixture was then divided and incubated with normal rabbit IgG (NR), anti-tPA IgG, or anti-R AP IgG, followed with immunoprecipitation (IP) without detergent. The immunoprecipitated materials were then immunoblotted (IB) with either anti-tPA IgG or anti-RAP IgG. B, R AP-Sepharose was incubated with 125 I-tPA (5 nM) in AC SF for 1 hr at 30°C. After washing, both supernatant ( S) and pellet ( P) were analyzed via SDS-PAGE. binding of tPA to its cell surface receptor LRP plays an important role in L -LTP. Thus, it is possible that L -LTP is maintained by both intracellular signaling events (e.g., C a 2ϩ influx, PKA activation, etc.) and extracellular structural changes (e.g., synaptic growth, synaptic connections). The former events (intracellular signaling) may be triggered by tPA binding to LRP, whereas tPA's protease activity may contribute to structural changes that associate with L -LTP and learning and memory (Baranes et al., 1998) . Because binding of tPA to LRP does not require its protease activity (Bu et al., 1992a,b; Orth et al., 1994) , it is possible that the receptor binding f unction and the protease activity of tPA have distinct roles in neuronal plasticity and other neuronal activity. In support of this hypothesis, a recent study has demonstrated a nonproteolytic f unction by tPA in neuroprotection (Kim et al., 1999) . Alternatively, inhibitors of tPA protease activity such as PAI-1 may alter the way tPA interacts with LRP, which in turn blocks the signaling events induced by interaction of LRP with native tPA. Toward this possibility, it is interesting to note that studies by Willnow et al. (1994) and Orth et al. (1994) have shown that tPA and tPA/PAI-1 complexes bind to overlapping but not identical sites within the second domain of LRP.
Several previous studies have suggested the presence of tPA binding protein on the cell surface that might serve as a docking receptor for tPA (Pittman et al., 1989; Verrall and Seeds, 1989; Hajjar et al., 1994; Fukao and Matsuo, 1998) . However, our current study suggests that tPA is rapidly endocytosed by LRP after its binding to the receptor, suggesting that LRP likely functions as an endocytosis/signaling receptor as opposed to a docking receptor. This function of LRP is similar to those of neurotrophin receptors, which on binding of neurotrophin trigger both endocytosis and signal transduction. In the case of NGF binding to its receptor trkA, it is interesting to note that studies by Grimes et al. (1996) have shown that trkA continues to signal after endocytosis via "signaling endosomes," as a means of retrograde signaling from distal axons to the neuronal cell body. 35 S]cysteine for 4 hr. Both cell lysates ( C) and overlying media ( M ) were immunoprecipitated with either anti-tPA antibody or anti-LRP antibody, followed by analysis via SDS-PAGE (7.5% acrylamide) and autoradiography. LRP is abundantly expressed in these neurons, whereas tPA is synthesized and secreted by these neurons. A band corresponding to the migration of tPA/PAI-1 complexes is also detected. The molecular size markers are given in kilodaltons. B, Binding of tPA to LRP enhances PK A activity. Primary hippocampal neurons were incubated without or with tPA (50 nM) or tPA (50 nM) and R AP (500 nM) at 37°C for 20 min. C ell lysates were then assayed for PK A activity. Results are averages of triplicate determinations, error bars representing SEM. *p Ͻ 0.05 compared with no treatment control.
Thus, the major events occurring after tPA interaction with LRP on neurons may include both endocytosis and signal transduction. The later event may link to intracellular signaling pathways involved in L -LTP. Taken together, we propose the following model regarding how the tPA / LRP pathway might participate in L-LTP in the CA1 region of the hippocampus (Fig. 6) .
During the induction of LTP, postsynaptic depolarization induced by tetanic stimulation removes Mg 2ϩ blockade of NMDA receptors at postsynaptic cells. C a 2ϩ influx through the NMDA receptor channels activates a series of postsynaptic signaling pathways, including action on adenylyl cyclase and production of a second messenger cAM P. cAM P then activates PK A, which in turn activates various intracellular pathways and immediate early genes, including that of tPA. As a result, the synthesis of tPA in the ER is increased. After trafficking through the secretory pathway, tPA is secreted into extracellular space where it either functions in extracellular matrix as a protease in synaptic plasticity (Baranes et al., 1998) or binds to its cell surface receptor LRP (which can be antagonized by R AP) and activates cellular processes that enhance synaptic potentiation, as demonstrated in the current study. The later process may be a result of intracellular signaling events (e.g., f urther activation of PK A) on tPA-LRP interaction and /or regulation of the AM PA receptor. Potential signaling f unctions of LRP have been suggested from various observations. First, several studies have shown that apoE3, a ligand of LRP, increases neurite extension via LRP (Bellosta et al., 1995; Holtzman et al., 1995; Narita et al., 1997) . Second, our previous studies have shown that negative feedback regulation of tPA gene expression in colon fibroblasts is mediated via tPA interaction with cell surface LRP (Hardy et al., 1997) . Third, recent studies have shown that the LRP tail interacts with a heterotrimeric GTP-binding protein (Goretzki and Mueller, 1998) and two cytoplasmic adaptor proteins, FE65 and mammalian Disabled (Trommsdorff et al., 1998) .
Gene-disruption studies by Herz et al. (1992) have concluded that LRP is essential for early mouse embryonic development. Embryos homozygous for LRP deficiency do not survive long enough to allow examination of LRP's role during neuronal development, although some developmental neuronal delay was observed in homozygous LRP knock-out embryos (Herz et al., 1993) . Recent studies have shown that functional cell surface LRP is required for normal hippocampal neuronal process development and growth in vitro (Narita et al., 1997) . In addition, a recent study using a genetic approach demonstrated that two members of the LDL receptor family, the very low density lipoprotein receptor and apoE receptor 2, play important roles in neuronal migration and hippocampal development (Trommsdorff et al., 1999) . Thus, it is possible that tPA-LRP interaction is essential during neuronal development, similar to its role in L-LTP as described in the current study.
Additionally, genetic and other evidence suggest that at least three LRP ligands-apoE/lipoprotein, APP, and ␣ 2 M-are likely to play important roles in the pathogenesis of AD. First, LRP is the major neuronal receptor for apoE/lipoproteins (Bellosta et al., 1995; Holtzman et al., 1995; Fagan et al., 1996) , and the ⑀4 allele of apoE is a strong genetic risk factor for AD (Corder et al., 1993; Strittmatter et al., 1993) . Second, immunoreactivity for several LRP ligands (e.g., apoE, ␣ 2 M, and tissue factor pathway inhibitor), as well as LRP itself, has been found in senile plaques (Abraham et al., 1988; Rebeck et al., 1995; Hollister et al., 1996) . Third, LRP has been shown to mediate the endocytosis of both secreted and transmembrane forms of APP (Kounnas et al., 1995; Knauer et al., 1996) , suggesting that LRP may play a role in the metabolism of APP and in some way modify the generation of amyloid peptides. Fourth, several recent studies (Kang et al., 1997; Lendon et al., 1997; Hollenbach et al., 1998) have reported a possible association between polymorphisms within the LRP gene and AD. Finally, studies by Blacker et al. (1998) and Liao et al. (1998) identified a genetic association between polymorphisms within ␣ 2 M and risk of AD. In sum, it is possible that regulation of LRP expression in CNS neurons can directly impact the catabolism and functions of its ligands, such that decreased uptake and signaling or increased extracellular accumulation of these ligands, or both, lead to the neuropathological changes associated with AD. These results indicate that LRP and its interactions with some of its ligands may play an important role in neuronal function and in the pathogenesis of neurological diseases. Disruption of these interactions may lead to neuronal impairment, including some of those seen in AD. Our current results provide the first evidence that an interaction between tPA and LRP plays an important role in L-LTP, a form of synaptic plasticity that is believed to contribute to learning and memory (Hawkins et al., 1993; Moser et al., 1998) . Our biochemical and cellular analyses as well as previous work (Qian et al., 1993; Seeds et al., 1995; Huang et al., 1996) confirm the presence of these molecular components within hippocampal neurons, indicating that these molecules are likely to participate in synaptic potentiation in vivo.
Although our analyses with apoE-knock-out mice did not show any abnormality in L-LTP (data not shown), it is interesting to note that mice expressing the C terminus of APP (Nalbantoglu et al., 1997) or APP 695 SWE (Chapman et al., 1999) had impaired learning and decreased LTP. In addition, a recent study has found impaired synaptic transmission in the hippocampus of mice over- expressing a mutant form of APP (717 V-F ), which preceded amyloid deposition by several months (Hsia et al., 1999) . These results together with our present study suggest that cellular components (e.g., LRP, tPA, APP) that are important for synaptic transmission could be disrupted independent of amyloid plaque formation during aging and AD.
